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Synopsis

Arsenic-bearing acidic effluent from hydrometallurgical processes contains many harmful metal
ions and must be appropriately treated before discharge. In the present study, arsenic, copper,
zinc, aluminum, and magnesium were co-precipitated by means of the Fenton reaction. The
precipitates obtained under different conditions were investigated to determine their stability. The
results indicate that pH value and hydrogen peroxide (H,0,) dosage have significant effects on
the removal of various elements. Arsenic, copper, zinc, and aluminum (but not magnesium) can
be removed at pH 5-6 and anH,0,/As mole ratio of 2 at ambient temperature. The precipitates
were mainly amorphous and granular with particle size in the micrometre range. The arsenic
concentration in leachate from the toxicity characteristic leaching test was 3.6 mg/L, which proves
that the precipitates are effective in fixing arsenic.
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Introduction

Arsenic is an extremely toxic substance, which can cause serious harm to humans and animals (Davis
et al., 2017; Singh et al., 2015; Mihajlovic et al., 2011). It is generally found in effluents from mining and
processing of arsenic-bearing minerals. Therefore, it is necessary to properly treat wastewater before
discharge in order to mitigate the environmental impact (Mandal and Suzuki, 2002; Tiirk ef al., 2020).

Co-precipitation of arsenic using ferric salt is one of the common methods in wastewater treatment
(Ahmad et al. 2020; Ahoranta et al., 2016; Otgon et al., 2019). The arsenic can be removed by precipitation
as ferric arsenate or adsorption on the surface of iron oxyhydroxides (Hering et al., 1996; Jain, Raven,
and Loeppert, 1999; Qiao et al., 2012). The removal efficiency is strongly related to pH, reaction time,
temperature, and dosage of ferric salt (Wickramasinghe et al., 2004; Tang, Wang, and Gao, 2010). The
precipitates obtained under ambient conditions are always in the form of ferric arsenate in an amorphous
state, which has poor stability and is not suitable for for long-term storage since it can release arsenic into
the aqueous environment (Zhu et al., 2006; Berre, Gauvin, and Demopoulos, 2007; Jia et al., 2007). The
removal efficiency, as well as the stability of the precipitate, can be increased by adding more ferric salt to
adjust the molar ratio of Fe/As to >3 (Chen et al., 2009; Essilfie-Dughan et al., 2013).

In wastewater, arsenic exists mainly in two inorganic forms: arsenite (As(III)) and arsenate (As(V)).
As(III) is not only more toxic than As(V), but is also more difficult to remove from the wastewater (Styblo et
al., 2000; Korte and Fernando, 1991). In order to effectively remove arsenic from wastewater, it is necessary
to oxidize As(III) to As(V) before the precipitation step (Khuntia, Majumder, and Ghosh, 2014; Leupin and
Hug, 2005; Guan et al., 2009). Although a few per cent of As(III) can be oxidized to As(V) within several
days in the presence of air (Bissen and Frimmel, 2003), the oxidation rate is too slow for practical purposes.
In order to increase the rate an advanced oxidation process such as the Fenton reaction can be used to
remove hazardous substances from the wastewater. The Fenton reaction generates highly reactive hydroxyl
radicals by the decomposition of hydrogen peroxide using ferrous ions (Pawar and Gawande, 2015). It has
been shown that hydrogen peroxide can oxidize all As(III) to As(V) in 15 minutes (Arienzo, Chiarenzelli,
and Scrudato, 2001). In the presence of Fe(II), the addition of hydrogen peroxide will produce free hydroxyl
groups (-OH), as shown in Equations [1]-[3], which will accelerate the oxidation of As(III) (Molnér et al.,
1994; Hug and Leupin, 2003):
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H,0, + Fe?t - Fe3* + OH™ +-OH [1]
Fe?* +-OH - Fe3* + OH~ 2]
As3t +- OH — As>" + OH™ 3]

Therefore, the oxidation of As(III) to As(V) by hydrogen
peroxide is an ideal way to remove arsenic from water. Our previous
work (Wang et al., 2018, 2019) has also confirmed that the optimim
pH for removal of arsenic the pH range of 5-7, and the precipitates
form as micrometre-sized particles with good stability.

In addition to arsenic, metallurgical wastewater may contain
magnesium, copper, zinc, and other metal ions. These -ions not
only have important economic value but also cause environmental
pollution. During the arsenic co-precipitation process, both the
arsenic and other metal ions will be adsorbed on the surface
of ferrihydrite (Rout, Mohapatra, and Anand, 2012; Neupane,
Donahoe, and Arai, 2014). Therefore, it is necessary to investigate
the co-precipitation behaviour of arsenic and metal ions in the
Fenton reaction process. In this study, hydrogen peroxide was used
to oxidize Fe(II) and As(III) and remove the arsenic from an acidic
effluent. The co-precipitation behaviour of several valuable metals
and the stability of the precipitates were investigated.

Materials and experimental

Arsenic-bearing effluent synthesis

The arsenic-bearing effluent used in this work was collected by
leaching arsenic from pyrite cinder using sulfuric acid at 90°C under
atmospheric pressure. The leachate contained not only arsenic and
iron, but also other metal ions including copper, zinc, magnesium,
and aluminum. NaOH solution (20 wt.%) was added to the collected
solution to adjust the pH to about 0.8. Then, the ferric concentration
was measured using inductively coupled plasma-optical emission
spectrometry (ICP-OES, Optima 8000). Iron powder was added

to the solution in the molar ratio Fe (metal) to ferric ion of 1.5 to
reduce Fe(III) to Fe(II) and the solution was stirred for about 6
hours at 50°C. The leaching solution was filtered using a vacuum
filter to remove excess iron powder and other precipitates. The
concentrations of arsenic and main metallic ions in the arsenic-
bearing effluent are shown in Table I.

Oxidation-precipitation test by Fenton reaction

A volume of 100 mL of treated arsenic-bearing solution was put in
a conical bottle, which was placed in a water bath pot. The solution
was magnetically stirred at the desired temperature. The pH value
was adjusted to the desired value using a 20% NaOH solution.
Then, 30 wt.% hydrogen peroxide was dripped into the conical
bottle according to the HO,/As molar ratio. Meanwhile, 20%
NaOH solution was added to the conical bottle to keep pH stable
at a fluctuation range of 0.2. After stirring for different times, the
pulp was separated quickly into solid and liquid using a vacuum
pump so as to avoid the interference from the oxygen in the air. The
precipitates were dried in a heating and drying oven (DHG-9240A)

Table I

Concentrations of main impurity elements in the acidic
leaching solution (mg/L)

Fe As Cu Zn Mg Al
11470 1038.1 20.6 19.2 386 365
» 416 AUGUST 2023 VOLUME 123

at 1000C. Then, the precipitates were ground for the leaching
toxicity test. The experiment procedure is shown in Figure 1.

The phase compositions of the precipitates were characterized
by X-ray diffraction (XRD, X'Pert PRO MPD). The morphologies of
the precipitates were determined by scanning electron microscopy
with energy-dispersive spectroscopy (SEM-EDS, JSM-7001F). A
laser particle size analyser (LS13-320) was used to determine the
particle size distribution of the precipitates. The structures of the
precipitates were investigated using Fourier transform infrared
spectrometry (FTIR, Excalibur 3100). The metal ion concentrations
in the filtrate were determined by ICP-OES.

Toxicity characteristic leaching

The test used for the toxicity characteristic leaching was China
method HJ557-2010 (solid waste extraction procedure for leaching
toxicity-horizontal vibration method). The acetate buffering
solution of pH = 5+0.05 was used to leach the arsenic in the
precipitates. One gram of precipitates and 10 millilitre acetate
buffering solution were put into a 50 ml centrifuge tube which was
fixed in a constant temperature oscillator with a vibrating frequency
at 110 times/min. The solution was vibrated for 8 hours at room
temperature and then allowed to stand for 16 hours. The mixture
was passed through a quantitative filter paper to separate the solid
and liquid, and the filtrate was analysed by ICP-OES.

Results and discussion

Effect of pH on coprecipitation

The pH value not only affects the crystallinity of ferric arsenate,
but also has an important effect on the removal rate of arsenic.
Generally, a lower pH (<1.2) is beneficial to the formation of
crystalline ferric arsenate, but the removal rate of arsenic is slow at
lower pH conditions (Min et al., 2015). Increasing the pH value is
beneficial to the removal of arsenic under acidic conditions. Our
previous work (Wang et al., 2018, 2019) has also confirmed that

it is beneficial to remove arsenic in the pH range of 5-7, and the
size of the precipitated particles can grow to 100 um when Fe(II)
is oxidized with hydrogen peroxide to co-precipitate arsenic. This
work examined the effect of pH value on the co-precipitation
behaviour of the metal ions and arsenic at a molar ratio of H>O»:
As =2, the setting pH fluctuation range of +0.05, and one hour
reaction time at ambient temperature (25°C). The results are shown
in Figure 2.

Arsenic-bearing
Effluent
20 Wt.% NaOH
v Solution

pH Adjustment

|

A

Fe(IIl) Reduction

é

A
Arscnic
Co-precipitation
Solid-liquid
Scparation

I
[ Prlt\vh;i'l‘:g ][ Filtrate ]

Figure 1—Flow chart of arsenic-bearing effluent pretreatment and co-
precipitation
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Figure 2—Effect of pH value on the removal of different elements in the solution

The results indicate that the concentrations of copper and zinc
decrease slightly, which is primarily due to the fact that the initial
contents of copper and zinc in the leaching solution are low. The
magnesium concentration hardly decreases at all as the pH increases
from 2.1 to 6.9, even though the initial magnesium concentration
is up to 386 mg/L. The slight decrease in magnesium concentration
may be explained by the adsorption of precipitates. The initial
concentration of aluminum was 365 mg/L, and the results show
that the aluminum gradually decreases with increasing pH value.
The aluminum concentration decreased to 42.9 mg/L at a pH of
5.1. At pH values greater than 6, almost no aluminum remains in
solution and its extraction is over 99%. The arsenic concentration
decreased markedly with increasing pH. Ata pH of 3.8 the arsenic
concentration was only 8.4 mg/L; the decrease is not obvious when
the pH increases from 3.8 to 6.5, and there is a minimum value of
3.1 mg/L at pH 6.5.

Iron in the initial solution is mainly in the form of Fe(II),
some of which will be oxidized to Fe(III) after adding the
hydrogen peroxide. When the pH increases from 2.1 to 3.9, the Fe
concentration decreases from 9592 mg/L to 5903 mg/L. Fe(III) is
precipitated in the pH range 2.1 to 3.9, and the residual iron in the
solution is mainly in the form of Fe(II). The Fe concentration in the
solution is virtually unchanged in the pH range 3.9-6.0, because
Fe(II) precipitates with difficulty in this pH range. When the pH
rises above 6.0, the Fe concentration once again decreases markedly,
and a green precipitates can be observed due to the hydrolysis of
Fe(ID):

As®* +:0H — AsSt + OH™ (4]

It will be seen that most of the Fe(III), As, Al, Zn, and Cu can be
removed at pH 6.9. However, there is less impact on Mg due to the
higher solubility product constants of Mg(OH),.

SEM results for the precipitates obtained under different pH
conditions are presented in Figure 3. The results show that the
surface of precipitates is smooth and neat at pH 2, and that the
particle size is relatively uniform. More fine particles will appear
as the pH increases (Fujita et al., 2009). The results prove that the
lower pH condition is beneficial to the growth of particles, which
increases the stability of the precipitates (Min et al., 2015; Fujita
et al., 2009). However, the lower pH is unfavourable for removing
arsenic; a higher pH is necessary to obtain a high arsenic removal
rate. In order to recycle the iron after co-precipitation, the pH
should be controlled under 6.9 to reduce the precipitation of Fe(II).
Therefore, a pH of 5.0-5.1 is chosen for the following discussion.

Effect of H;02/As molar ratio on co-precipitation
Hydrogen peroxide (H20,) is a strong oxidizing agent, especially in
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Figure 3—SEM micrographs of the precipitates obtained under different pH
conditions

the presence of Fe(II). The dosage of hydrogen peroxide will directly
determine the molar ratio of Fe(III) /As for co-precipitation.

The effect of HyO,/As molar ratio (HA) on co-precipitation was
tested by controlling pH in the range of 5-5.1, with a water bath
temperature of 25°C, and one hour reaction time.

More Fe(II) will be oxidized to Fe(III) with increasing hydrogen
peroxide dosage, therefore, more arsenic can be co-precipitated
as shown in Figure 4. For example, when the molar ratio of H,O»/
As is 0.5, the concentrations of iron and arsenic in the solution are
9070 mg/L and 27.9 mg/L, respectively, decreasing to 5635 mg/L
and 4.8 mg/L at H,O»/As = 2.0. The iron concentration continues
to decrease as the HyO/As increases to 3.0, but the arsenic
concentration remains relatively stable.

The concentrations of Cu, Zn, and Mg do not change markedly
with increasing H,O,. However, the aluminum concentration
decreases. At a HyO»/As molar ratio of 0.5, the aluminum
concentration is 68.1 mg/L, decreasing to 29.4 mg/L as HyO2/As
increases to 3.0. This is because the aluminum can also be used to
precipitate arsenic, and it is beneficial to the removal and stability
of arsenic (Doerfelt et al., 2016; Jia et al., 2012). When more H,0,
is added to effluent, more As(III) is oxidized to As(V), which will
co-precipitate with with AI(III) as well as with Fe(III) . Therefore,
the aluminum concentration decreases as the amount of H,O,
increases.

As the SEM micrographs in Figure 5 show, the particle size
increases with the HyO2/As molar ratio. At a H,O,/As molar ratio
of 0.5 most of the precipitate particles are smaller than 10 um. The
particle size increases as the H,O»/As molar ratio uncreases to 1.5,
with many particles larger than 10 um. At a HyO»/As molar ratio of
3.0, the particle size increases further, and some particles are even
larger than 100 pm. A H,0,/As molar ratio of 2.0 was selected for
the following discussion in order to reduce the dosage of hydrogen
peroxide.
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Figure 4—Effect of H202/As molar ratio on the precipitation of different elements

Figure 5—SEM micrographs of the precipitates obtained at different H;0,/As

molar ratios

Effect of temperature on co-precipitation

Figure 6 shows the effect of increasing temperature under the
conditions HyO»/As = 2.0, pH 5.0-5.2, and one hour reaction time.

Temperature has little influence on the concentrations of Cu, Zn,

and Mg, while the concentrations of iron and arsenic in solution

concentration /mgeL”
- -

=)

concentration /mgsL”’
ca3B8838838

15

2007):

increase with increasing temperature, from 7711 mg/L and

16.2 mg/L respectively at 40°C to 7940 mg/L and 31.4 mg/L at
60°C, and to 8760 mg/L and 70 mg/L at 90°C. The marked change
in arsenic concentration may be closely related to the amorphous
state of ferric arsenate under these conditions. The following
decomposition reaction occurs (Berre, Gauvin, and Demopoulos,

FeAsO,- (2 + x)H,0 + OH™-
- FeOOH - (1 + x)H,0 + H,AsO,

[5]

As the temperature increases, the decomposition rate of ferric
arsenate accelerates and more iron and arsenic return to the
solution.

The aluminum concentration decreases with increasing
temperature from 30 mg/L at 40°C to 5.5 mg/L at 60°C and 0.7
mg/L at 90°C. This is because increasing temperature favours the
precipitation of Al (OH)s (Equation [6]) (Wei et al., 2014).

Al(OH) 7 - AI(OH); | +OH -

[6]

Figure 7 shows the SEM micrographs of the precipitates
obtained at different temperatures. It can be seen that the particle
size is larger at temperatures less than 60°C. At temperatures
greater than 70C, the particle surfaces are more porous, which is
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Figure 6—Effect of temperature on the precipitation of different elements from solution
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Figure 7—SEM micographs of the precipitates obtained at different
temperatures

detrimental to the stability of the sludge. These results indicate that
lower temperatures are more favourable for precipitation. Therefore,
ambient temperature was chosen as the experiment condition to
investigate the effect of reaction time.

Effect of reaction time on co-precipitation

In order to investigate the effect of reaction time on the co-
precipitation, a series of experiments was conducted under the
following conditions: HyOa/As = 2.0, reaction temperature 25°C,
and pH value between 5.1 and 5.3. The results in Figure 8 show that
the concentrations of Fe, As, Zn, and Mg change little with extended
reaction time, which indicates that the oxidation rate of Fe(II) by
hydrogen peroxide is very fast, and the reaction is completed in

a very short time to form amorphous ferric arsenate (Arienzo,
Chiarenzelli, and Scrudato, 2001).

However, the concentrations of Cu and Al increased with
reaction time, from 8.8 mg/L and 1.77 mg/L respectively at 10
minutes to 12.7 mg/L and 5.4 mg/L at 30 minutes, 19.2 mg/L and
35.4 mg/L at 90 minutes, and reaching 22.4 mg/L and 45.9 mg/L at
150 minutes. These results indicate that Cu and Al may be adsorbed
on the surface of amorphous ferric arsenate, and are re-released into
the solution with increasing time.

The SEM micrographs in Figure 9 show that the particle size
increases with time. At the beginning, the particles are small with
rough surfaces. The particle size increases and the surface becomes
smooth as reaction time increases. The results indicate that an
extended reaction time improves the precipitation.

In conclusion, higher removal rates of As, Cu, Zn, and Al can
be achieved during arsenic co-precipitated by oxidation of Fe?* with
hydrogen peroxide at pH 5-6, HyOa/As = 2.0, ambient temperature,
and atmospheric pressure. However, Mg is difficult to remove
under these conditions due to the higher solubility product. The
SEM micrographs show that the precipitates exist in the form of
micrometre-sized particles, and the reaction conditions have an
important influence on the surface morphology of the particles.

Characteristic of the precipitates

The precipitates obtained using the conditions of pH 5-6, H,O/As =
2, reaction time 40 minutes, at room temperature and atmospheric
pressure were subjected to XRD and FTIR analysis.

The XRD result (Figure 10) show that there are no obvious
sharp peaks in the spectrum. There is just one broad band between
20 = 20-40°, which indicates that the precipitates are amorphous.
According to Berre, Gauvin, and Demopoulos (2007) this result is
consistent with poorly crystalline ferric arsenate.

Figure 11 shows the FTIR spectrum of the co-precipitate in
the range of 400-4000 cm-L. The band at 840 cm-! is attributed to
As-O stretching vibration of the As-O-Fe coordination (Miiller
et al., 2010). The band at 480 cm-! is assigned to O-As-O bending
vibration (Zhao, 1995). The bands located at 1627 cm-! and

Figure 9—SEM micrographs of the precipitates obtained at different reaction
times
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Figure 11—FTIR spectrum of the co-precipitate

3402 cm-! exhibit strong O-H stretching and bending vibrations,
respectively (Myneni et al., 1998). The band at 1127 cm-! may be
the absorption peak of y-FeOOH (Zhao, 1995). Therefore, it can be
inferred that the co-precipitates mainly exists as ferric arsenate with
amorphous rather than scorodite FeAsO42H,0.

The SEM micrographs in Figure 12 show the granular form of
the precipitates, with particle sizes up to several tens of micrometred
or even larger than 100 pm. The larger size is conducive to filtration
of the precipitates. The particle size analysis (Figure 13) exhibits a
fairly wide range, with an average size of 81.6 um. The large-grained
structure is beneficial to the stabilization of the co-precipitates. The
local amplification result in Figure 12 shows that the particles do
not comprise accumulations of fine particles, but are relatively dense
and uniform. This structure is also beneficial to the stability of co-
precipitates.

The results of the toxicity characteristic leaching test are shown
in Table II. Fe, Cu, Zn, and Mg were not detected in the leachate.
Iron in the precipitates is mainly in the trivalent form, and is only
sparingly soluble in the acetic acid buffer at pH 5. The Cu, Zn, and
Mg contents are very low in the co-precipitates, thus it is difficult
to measure their contents in acetic acid leachate. The arsenic
concentration is 3.6 mg/L, which meets the requirement of China
national standards of < 5 mg/L (GB5085/3-2007). The concentration
of Alis 81.4 mg/L, showing that the co-precipitation does not
remove aluminum effectively. According to Doerfelt et al. (2016),
the aluminum ion has a stabilizing effect on the precipitates, which
is inconsistent with the findings of this study. This discrepancy
may be a consequence of the amorphous nature of ferric arsenate,
which has a strong adsorption capacity (Miiller et al., 2010). A
large number of aluminum ions may be adsorbed on the surface
of the co-precipitates, which will be re-dissolved into the toxicity
characteristic test leachate. In addition, aluminum hydroxide is
amphoteric, which may induce basic ionization in water (Equation
[71), and cause the solid Al(OH); to break down again.

Al(OH); - A3* +30H - [7]

Therefore, the leaching concentration of Al is very high in the
acetic acid buffer.

» 420 AUGUST 2023 VOLUME 123
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Table I

Results of toxicity characteristic leaching test of the
coprecipitates (mg/L)

Fe As Cu Zn Mg Al
- 3.56 - - - 81.4

Conclusions

Acidic effluent containing arsenic and metal elements was treated
by the Fenton reaction under atmospheric pressure. Most of the
copper, zinc, and aluminum were removed under the conditions of
pH 5-6, HyO,/As = 2 at ambient temperature. However, the removal
of magnesium was negligible.

Increasing the pH and HO, dosage increased the removal of
arsenic. However, increasing the temperature will decrease arsenic
removal. In addition, a lower pH, lower temperature, and increased
H,0; dosage are beneficial to the growth of large particles.

The co-precipitates were mainly composed of amorphous ferric
arsenate with an average particle size of 81.6 um. The arsenic in the
residue was stable, and its concentration in the leachate from the
toxicity characteristic leaching test was only 3.6 mg/L. However, the
aluminum in the co-precipitates is easily re-dissolved.
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